Abstract. In this paper we provide a major upgrade of the work presented in Camargo et al. (2001) , aiming at the extension of the ICRF at optical wavelengths in regions of special astronomical interest, using observations from the Bordeaux and Valinhos meridian circles. Along with the new fields, the main differences, when compared to the first release, are: a much larger sky coverage, the replacement of the AC2000 by its upgraded version AC2000.2 as one of the first epoch astrometrical sources, inclusion of Tycho-2 and 2MASS photometry when available, and the correction for a magnitude equation on the Valinhos right ascension system as well. The resulting catalogue contains 678 828 entries with positional external precisions, on both coordinates, ranging from 50-60 mas (V ≤ 13.5) to 70-140 mas (13.5 < V ≤ 16.0). For the proper motions, precisions range from 3 mas/year to about 15 mas/year, depending on magnitude and declination.
Introduction
One of the most important tasks of astrometry rests upon the adoption of a concept and the materialisation of a celestial reference system, from which one can derive the positions of heavenly bodies as well as study their variations as a function of time.
The corresponding celestial reference frame is given by a catalogue containing the coordinates of reference points along with other parameters, so that it is possible for the user to materialise the reference system at any given epoch.
Three characteristics are important for such a reference frame. They are inertiality, rigidity and accessibility. Briefly speaking, inertiality can be understood as non-rotation of the coordinate axes, rigidity relates to the agreement between the Send offprint requests to: J. I. B. Camargo, e-mail: camargo@obs.u-bordeaux1.fr
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coordinate axes materialised by any subset of the reference frame, and accessibility is achieved by the appropriate availability of reference points in the sky, so that the user can use a suitable number of such points in a sky region. This work is concerned mainly with this last topic.
A major breakthrough in astronomical reference systems was achieved with the adoption by IAU, as from 1st of January 1998, of the ICRS (International Celestial Reference System) (Feissel & Mignard 1998; Ma et al. 1998; Johnston & de Vegt 1999) , as the celestial reference system to replace the FK5 (Fricke et al. 1988 ). The ICRS is materialised by a set of 212 extragalactic compact radio sources listed in the ICRF (International Celestial Reference Frame) (Ma et al. 1998) . The positions of these sources have been precisely determined by VLBI techniques to accuracies better than 0.5 mas.
In optical wavelengths, the ICRS is realised by the HIPPARCOS catalogue (ESA 1997) with astrometrical parameters for about 118 000 objects, typically brighter than V = 10.0 (completeness up to V = 8.0), distributed all over the sky. This gives a star density of about 3 objects per square degree, which is insufficient to provide a desirable accessibility to the ICRS. The improvement given by the Tycho-2 catalogue notwithstanding (∼50 stars per square degree and limiting magnitude V = 12.5 -completeness up to V = 11.0), small field astrometry has still its density needs unfulfilled.
A worldwide effort is in progress to extend the ICRF in optical wavelengths from ground-based observations, supported by the IAU Commission 8 new working-group The "Future The present work is part of this effort and upgrades its previous version, the VMCC. The main differences are: a) observational data now provides 511 525 objects from the Bordeaux CCD meridian circle (hereinafter BMC) and 167 303 objects from the Valinhos CCD meridian circle (hereinafter VMC) -only BMC data was retained whenever common objects between both instruments were detected. VMC data from Camargo et al. (2001) , as will be discussed in Sect. 3.2, was reanalysed for this present work; b) Tycho-2 B and V photometry have been included in the catalogue, as well as c) J, H, K photometry from 2MASS; d) correction for a magnitude equation present in the Valinhos right ascension system, and e) replacement of AC2000 by its upgraded version AC2000.2 (Urban et al. 2001) as one of the first epoch sources for proper motion measurements.
Also, in our catalogue (hereinafter BVMCcat) we provide: mean J2000 positions and respective epochs, proper motions, V 1 magnitude from the meridian observations, internal precisions for the astrometric parameters, time interval for proper motion determination, number of meridian observations as well as the involved current and first epoch sources.
The meridian circles
The main characteristics of the BMC and VMC have already been described by various papers (Viateau et al. 1999;  1 In this work, no check for variability was performed. Dominici et al. 1999; Camargo et al. 2001; Rapaport et al. 2001) , and details about both of them can be found in Viateau et al. (1999) .
Their locations are, respectively, Floirac (λ = 00
• 31 39 (east), φ = +44
• 50 07 ) in France, and Valinhos (λ = 46
• 58 03 (west), φ = −23
• 00 06 ) in Brazil. Both instruments use CCDs operating in drift scan mode, and the bandpass, 5200 Å to 6800 Å, makes the resulting photometric band close to the Johnson's V band system (Dominici et al. 1999) .
The limiting magnitude is about V = 17.0 for the BMC and one magnitude brighter for the VMC, due to the larger CCD of the BMC. The internal precision of the mean positions, as a function of magnitude, is shown in Fig. 1 . From those panels, it is possible to notice the better performance (about 20 mas) of the BMC compared to that of the VMC. This is explained by the different size of the CCDs, allowing a longer integration time for the BMC, as well as slight differences in the reduction parameters used in each one (ponderation of observations, eliminations). It is also possible to notice a difference (about 10 mas) between the precisions of the right ascension and declination systems presented by the VMC, the origin of which is under investigation. Left and right panels of Fig. 1 are given within the optimal range of magnitude for the instrumental measurements (Viateau et al. 1999 ).
Astrometric data

Current epoch observations and reduction
Our observational data comprises 242 meridian strips (see Table 1 and Fig. 2 ), whose declination heights are 28 for Bordeaux and 13 for Valinhos, most of them centered on extragalactic radio sources, to support programs devoted to detecting their photometric variability as well as the determination of their optical position from larger telescopes. Also, strips Fig. 2 . Distribution of the observations in the sky as given by Bordeaux (left) and Valinhos (right). All overlapping zones were previously treated, in order to eliminate redundant entries from the BVMCcat. The adopted procedure was to retain only the BMC observation whenever an object was observed by both BMC and VMC.
containing pre-main sequence stars observed in the great southern star-forming regions (Chamaeleon, Lupus and Upper Scorpius -Ophiuchus) (Teixeira et al. 2000) and other strips containing regions of young stars, open clusters and Pluto were also included in this data set. All meridian images have been reduced (Viateau et al. 1999) , for astrometry and photometry, with the Tycho-2 catalogue.
Magnitude equation
The presence of a magnitude equation was found on the right ascension system of the Valinhos observations, and corrected according to the curve depicted in Fig. 3 , upper panel, before the determinations of the results presented here, that is, before the necessary treatment to build the BVMCcat.
This feature should be compared to the colour dependence found in Bordeaux (Rapaport et al. 2001) , the cause of both effects probably being the same. It is a parallax error arising from out-of-focus images caused by the axial spread of the focal plane as a function of the wavelength. The consequent errors are essentially colour dependent. Magnitude dependence arises through the centering algorithms, which include the maximum possible number of pixels, so that bright objects will reflect the influence of the out-of-focus chromatic halo, which is not detected in the case of faint objects (Benevides-Soares 2003) .
Further colour dependence effects on the meridian positions were not corrected since colour indexes were not available for all stars. No magnitude equation was found in the BMC observations.
First and intermediate epoch material
Positions and proper motions presented here were derived from the combination of the present epoch data (BMC and VMC observations) with the aid of almost the same ancient epoch astrometric catalogues presented in Camargo et al. (2001) , and following the same procedures. The main differences are the use of the AC2000.2 instead of its previous version, the AC2000 (Urban et al. 1998) , and the elimination of those observational data with standard deviations larger than 250 mas in either coordinates. When a given object observed by either the BMC or the VMC had its set of counterparts identified from the first epoch material, no elimination was done on this set. This is also different from the adopted procedure in Camargo et al. (2001) . In this work, AC2000.2 precisions were taken from the individual plate solutions (Urban et al. 1998 ). For referencing, the other employed catalogues are presented as follows: SERC-J plates measured with the MAMA measuring machine (Guibert et al. 1983) , PPM South (Bastian & Röser 1993) , PPM North (Röser & Bastian 1998) , USNO-A2.0 (Monet et al. 1998 ), TAC-2 , and CPC-2 ).
The BVMCcat
The BVMCcat contains 678 828 stars brighter than V ∼ 16.0, observed at least 3 times with either the BMC or the VMC, whose distribution as a function of magnitude can be seen in Fig. 4 .
A weighted least squares procedure was used to derive positions and proper motions. The adopted weights were taken from the precisions given by the employed material. On average, these values are: 250 mas for the USNO-A2.0, 100 mas for the TAC-2, 300 mas for the AC2000.2, 270 mas for the PPM-North, 110 mas for the PPM-South, 50 mas for the CPC-2 and 300 mas for the SERC-J plates. For the meridian positions, 50 mas was used (Rapaport et al. 2001; Teixeira et al. 2000) , which is a good compromise between the internal precisions of the mean positions for the Bordeaux and Valinhos instruments. The profile presented by the upper panel of Fig. 5 reflects the decreasing number of participant catalogues for the position/proper motion determination and the larger (5 times) weight given to the meridian positions as compared to the one given to those from USNO-A2.0 and the SERC-J plates. Theoretically, they should be in accordance with external verifications (presented later in the text) at least within the optimal magnitude range for the BMC and VMC astrometry (Fig. 1) . To the faintest magnitudes, mean positions and their respective epochs will be close to their meridian counterparts.
The lower panel of Fig. 5 depicts a different behaviour of proper motion accuracies, given by a declination threshold of δ = −17
• . As explained in Camargo et al. (2001) , this is due to the USNO-A2.0, which is the only source of first epoch positions for objects fainter than V ∼ 13.0. In USNO-A2.0 the mean epoch for objects with δ ≤ −17
• is 1980, and 1955 for those with δ > −17
• . Table 3 explains the role of each column of the BVMCcat, given in Table 2 .
External verifications of the BVMCcat
Three catalogues were employed to check the BVMCcat: the HIPPARCOS and TYCHO-2 catalogues, for the BVMCcat stars with V ≤ 12.0, and UCAC1 (Zacharias et al. 2000) , when available, for the fainter ones. All differences were obtained after transferring these reference positions, through their respective proper motions, to the epoch of the BVMCcat ones. Data derived from both meridian instruments are homogeneous after correction for the magnitude equation on the VMC right ascension system, so that no separate treatment will be provided.
Comparison with HIPPARCOS
The BVMCcat contains 2119 HIPPARCOS objects, out of which 1167 were selected by the criterion that eliminated those with V < 8.0 (in order to avoid saturated observations from the meridian instruments), with HIPPARCOS MultFlag 2 flag set (in order to avoid binary/multiple systems), as well as some few remaining idiosyncratic points that failed to pass a 3σ filter in position, that is, whose modulus of the positional difference were greater than 3 times the root mean square (rms) of the differences in either coordinates.
Figures 6 and 7 depict the differences in the sense BVMCcat minus HIPPARCOS as a function of magnitude at the epoch of the BVMCcat, and Table 4 shows related quantities obtained from the rms of these differences. The quantities presented in the aforementioned table show an overall good agreement between the BVMCcat data and that of the HIPPARCOS catalogue.
The propagated errors 3 of HIPPARCOS at the epoch of the BVMCcat positions, about 10 mas, were considered negligible, so that we conclude that the BVMCcat external positional precision is about 50 mas within the magnitude interval 8.0 ≤ V ≤ 12.0. The comparison of the BVMCcat proper motions with those from HIPPARCOS shows that, for objects with the AC2000.2 as the first epoch, the external error for the measurements in the BVMCcat is 3 mas/year.
Comparison with Tycho-2
The BVMCcat contains 45 394 objects in common with Tycho-2, whose differences in positions (at the epoch of the BVMCcat) and proper motions are depicted by Figs. 8 and 9 as a function of magnitude, after a 3σ filter in position.
Poor positional history within the employed catalogues and possible cross-identification difficulties contribute to the largest differences depicted in Fig. 9 .
In Table 5 , a more detailed comparison of position is shown, where a 3σ filter within each magnitude bin was applied. For the same objects presented in the aforementioned table, related quantities for the rms of the differences in proper motions are given in Table 6 .
As in the comparison with HIPPARCOS, an overall good agreement between the positions is shown by Table 5 , which corroborates the value of 50 mas for the BVMCcat external positional precision (lines 6 and 7 of Table 5) when 8.0 ≤ V ≤ 11.5. External precision was obtained by subtracting from the σ (∆αcosδ,∆δ) values, as evaluated by the rms of the differences, the formal positional error of the Tycho-2 positions at the comparison epoch, as calculated from Høg et al. (2000) .
For V > 11.5, one can notice a degradation of the external precision of the BVMCcat, which may result partly from Tycho-2 underestimated errors in its faintest branch, as pointed out in Rapaport et al. (2001) and supported later in the text (Sect. 5.3), by the comparison BVMCcat and UCAC1. V magnitude 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-10.5 10.5-11.0 11.0-11.5 11.5-12. All astrometric units are in [mas] . External precisions are calculated by subtracting from the σ (∆αcosδ,∆δ) values the respective propagated Tycho-2 error at the BVMCcat epoch. Table 6 . Statistical properties of the proper motion differences BVMCcat minus Tycho-2.
V magnitude 8.0-8.5 8.5-9.0 9.0-9.5 9.5-10.0 10.0-10.5 10.5-11.0 11.0-11.5 11.5-12.0
All astrometric units are in [mas/year]. The same objects from Table 5 are used. From Table 6 , we evaluate the BVMCcat external errors on proper motions as ∼2 mas/year within the interval 8.0 ≤ V ≤ 12.0.
Comparison with UCAC1
The UCAC1 catalogue was employed to probe the BVMCcat results on fainter magnitudes, aiming at the objects fainter than V = 12.0. We should stress that, in this verification, only the data derived from the VMC was employed, that is, the predominantly southern declinations, since UCAC1 is only available in that hemisphere. Table 7 provides a detailed view of this comparison. In it, as in Table 5 , all differences in position were binned in intervals of 0.5 mag, and those above a 3σ filter in the respective bin were eliminated. Table 7 . Statistical properties of the positional differences BVMCcat minus UCAC1.
V magnitude 11.0-11.5 11.5-12.0 12.0-12.5 12.5-13.0 13.0-13.5 13.5-14.0 14.0-14.5 14. All astrometric units are in [mas] . External precisions are calculated by subtracting from the σ (∆αcosδ,∆δ) values the respective propagated UCAC1 error at the BVMCcat epoch. Table 8 . Statistical properties of the proper motion differences BVMCcat minus UCAC1.
V magnitude 11.0-11.5 11.5-12.0 12.0-12.5 12.5-13.0 13.0-13.5 13.5-14.0 14.0-14.5 14.5-15.0 15.0-15.5 15.5-16.0
All astrometric units are in [mas/year]. The same objects from Table 7 are used.
External precision is evaluated to 50-60 mas up to V = 13.5, well within the BMC and VMC optimal magnitude interval for astrometry (Fig. 1) . This external precision reaches 140 mas for the fainter objects (V ≥ 15.0).
The external precisions presented for the magnitude interval 11.5 ≤ V ≤ 12.0, when compared to those in the same interval of Table 5 , support a possible underestimation of the Tycho-2 errors for right ascensions within this magnitude interval.
To the same objects presented in Table 7 , the rms of the differences in proper motions (Table 8) is 7 mas/year for both coordinates (11.0 ≤ V ≤ 16.0), and no systematic deviation was detected. Such an estimation, however, reflects that both BVMCcat and UCAC1 use the same first epoch positions (USNO-A2.0) to derive most of these quantities.
Conclusions
The BVMCcat extends the ICRF to the optical domain in zones of special astronomical interest, and the overall agreement between the BVMCcat data and that of well-known astrometric material enables it to serve as a reference catalogue for small field astrometry as well as to provide kinematical parameters for astrophysical studies within the limits of ground-based astrometry.
The collaboration of northern (Bordeaux) and southern (Valinhos) Observatories allowed a more efficient sky coverage and a larger number of entries for the BVMCcat, as compared to our previous work (Camargo et al. 2001) .
The external comparisons showed that no significant systematic trend was found either in positions or proper motions. The external errors of the BVMCcat are 50-60 mas for positions on both coordinates when V ≤ 13.5 and 70-140 mas for fainter magnitudes (13.5 ≤ V < 16.0). For proper motions, external errors are 3 mas/year when an AC2000.2 position is present as first epoch (V < ∼ 13.0) reaching probably 15 mas/year for the faintest objects at southern declinations, as suggested by the internal error degradation (Fig. 5, lower  panel) . 
